1. Introduction
===============

Lung cancer is the leading cause of cancer-related deaths worldwide and a 5-year survival rate \<20%.^\[[@R1]\]^ Non-small cell lung carcinoma (NSCLC) is the major common type of lung cancer, accounting for 90% of all lung cancer cases.^\[[@R2]\]^ Lung adenocarcinoma(LUAD) and lung squamous cell carcinoma (LUSC) constitute 50% and 40% of all NSCLC, respectively.^\[[@R3],[@R4]\]^ Even though multidisciplinary therapies have been widely used to treat NSCLC, its overall prognosis remains very poor, presumably owing to lack of effective prognostic biomarkers.^\[[@R5]\]^ Therefore, it is urgent to identify the potential prognostic biomarkers and thus provide better therapeutic strategy for NSCLC patients.^\[[@R6]\]^

The drosophila mothers against decapentaplegic (*SMAD*) family comprises 8 members: *SMAD1, SMAD2, SMAD3, SMAD4, SMAD5, SMAD6, SMAD7*, and *SMAD9* (also named *SMAD8*), which play a key role in various cytokine signaling pathways, such as the transforming growth factor-beta (TGF-β) pathway.^\[[@R7]\]^ Based on differential functions, the mammalian *SMAD* family members are divided into three classes, including receptor-associated *SMAD* (R-*SMAD*): *SMAD1, SMAD2, SMAD3, SMAD5*, and *SMAD9*, co-operating *SMAD* (Co-*SMAD*): *SMAD4*, and inhibitory *SMAD* (I-*SMAD*): *SMAD6*, and *SMAD7*. The *SMAD*, a well-known transcription factor, plays an essential role in cell proliferation, differentiation, migration, and apoptosis.^\[[@R8]\]^ Evidences revealed that distinct *SMAD* family members expression has been observed in variety of tumors and may be server as prognostic biomarkers in some malignancies.^\[[@R9]\]^ However, the expression and prognostic value of *SMAD* family members, especially at the mRNA level, remains elusive in NSCLC.

Emerging evidence indicated that microarray technology and bioinformatic analysis have been widely used to screen genetic alterations in the carcinogenesis and progression of cancer.^\[[@R10]\]^ In this study, we intended to explore the expression and prognosis of *SMAD* family members in NSCLC patients via mining the online databases, and thus accelerate the identification of potential prognostic biomarkers for NSCLC patients.

2. Materials and methods
========================

2.1. Gene expression analysis
-----------------------------

The mRNA levels of SMAD family members in NSCLC were analyzed using ONCOMINE (<http://www.oncomine.org/>), which is an accessible online cancer microarray database.^\[[@R11],[@R12]\]^ Additionally, gene expression of SMAD members in subtypes of NSCLC were verified by Gene Expression Profiling Interactive analysis (GEPIA) online platform ([http://gepia.cancer-pku.cn](http://gepia.cancer-pku.cn/)), which includes RNA sequencing expression data of 9736 tumors and 8587 normal samples.^\[[@R13]\]^ The expression of SMADs between tumor and normal tissues was analyzed using Student *t* test, and expression of SMADs in different tumor stages of NSCLC was analyzed using *F* test. *P* \< .01 and fold change \>2 were considered significant. In addition, SMAD protein levels were analyzed using the Human Protein Atlas database (HPA) (<https://www.proteinatlas.org/>) to confirm whether the expression at the mRNA and protein levels matched.

2.2. Survival analysis
----------------------

The prognostic value of the mRNA levels of *SMAD* family members was evaluated using Kaplan--Meier Plotter ([http://www.kmplot.com](http://www.kmplot.com/)), which contains survival information of 2437 NSCLC patients downloaded from Gene Expression Omnibus with clinical data.^\[[@R14]\]^ To evaluate the overall survival (OS), first progression (FP) and post-progression survival (PPS) of NSCLC patients, samples were divided into high and low expression groups according to median mRNA levels with a hazard ratio (HR) with 95% confidence intervals (CI) and log-rank *P* value. Log-rank *P* value \<.05 were considered significant. Univariate cox analysis was conducted with adjustments to smoking status, clinical stages, chemotherapy, and histology of NSCLC.

2.3. Genetic alteration analysis
--------------------------------

To further explore the genetic alterations of *SMAD* members in NSCLC patients, the genomic profiles like mutations, putative copy-number alterations were obtained from online CBioPortal for Cancer Genomics ([http://www.cbioportal.org](http://www.cbioportal.org/)).^\[[@R15]\]^

2.4. Functional enrichment analysis
-----------------------------------

Molecular functions (MF) of *SMAD* family members at the gene level were performed in GeneMANIA database ([http://www.genemania.org](http://www.genemania.org/)), which acts as biological network integration for gene prioritization and predicts gene function.^\[[@R16]\]^ Functional enrichment of *SMAD* family members such as gene ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway were performed using the Database for Annotation, Visualization and Integrated Discovery (DAVID).^\[[@R17],[@R18]\]^

2.5. Ethical statement
----------------------

All the data of this paper was obtained from the open-access database, we did not get these data from patients or animals directly, nor intervene these patients. So the ethical approval was not necessary.

3. Results
==========

3.1. Gene expression of SMAD family members in NSCLC patients
-------------------------------------------------------------

We firstly evaluated the distinct mRNA level of SMAD family members in NSCLC patients using oncomine database. The results showed that the mRNA levels of SMAD6, SMAD7, and SMAD9 were significantly lower in lung cancer tissues than in normal lung tissues, whereas the differential expressions of SMAD1/2/3/4/5 were not observed between lung cancer tissues and normal tissues (Fig. [1](#F1){ref-type="fig"}).

![The transcription levels of SMAD family members in different types of cancers (ONCOMINE). The graphic demonstrated the numbers of datasets with statistically significant mRNA over-expression (red) or down-expression (blue) of the target gene. The threshold was designed with following parameters: *P* value = .001; fold-change = 1.5 and data type, mRNA.](medi-99-e19451-g001){#F1}

Then, we checked relative mRNA expression of SMAD in subtypes of NSCLC (LUAD and LUSC) compared with that in normal tissue using GEPIA analysis. consistent with the aforementioned results, Figure [2](#F2){ref-type="fig"} showed that the mRNA levels of SMAD6, SMAD7, and SMAD9 were significantly decreased in both LUAD and LUSC tissues than in normal lung tissues, whereas the distinct mRNA levels of the rest of SMAD members were not observed between NSCLC tissues and normal tissues. Furthermore, we investigated the expression of SMAD family members in different tumor stages of NSCLC. The expression level of SMAD9 varied in the different tumor stages, while the rest of SMAD expression levels in various tumor stages were not differential (Fig. [3](#F3){ref-type="fig"}).

![The mRNA expression of SMAD family members in LUAD and LUSC patients (GEPIA). Box plots derived from gene expression data in GEPIA comparing expression of a specific SMAD family member in non--small cell lung cancer tissue and normal tissues, the *P* value was set up at .01.](medi-99-e19451-g002){#F2}

![The expression of SMAD family members in different tumor stage of NSCLC patients (GEPIA). Pathological stage plot derived from gene expression data in GEPIA comparing expression of a specific SMAD family member in different stage of NSCLC tissue, the *P* value was set up at .05.](medi-99-e19451-g003){#F3}

To validate the proteins expression levels of SMAD family members in NSCLC, we used the HPA database. The results showed the mRNA expression levels of SMAD1, SMAD2, SMAD3, SMAD4, SMAD5, SMAD7, and SMAD9 matched their reported protein expression levels. However, representative images of the SMAD6 protein levels were not available in the HPA database (Fig. [4](#F4){ref-type="fig"}).

![Validation protein expression levels of SMAD family members (SMAD6 was not available) in LUAD and LUSC patients (HPA). (A)SMAD1. (B)SMAD2. (C)SMAD3. (D)SMAD4. (E)SMAD5. (F)SMAD7. (G)SMAD9.](medi-99-e19451-g004){#F4}

3.2. Prognostic value of SMAD members in all NSCLC patients
-----------------------------------------------------------

We assessed the prognostic significance of the *SMAD* members in all NSCLC patients using Kaplan--Meier plotter. Increased SMAD2, SMAD4, SMAD5, SMAD6, SMAD7, and SMAD9 mRNA levels were strongly associated with the favorable OS, whereas increased SMAD1 and SMAD3 levels were not related to the OS (Fig. [5](#F5){ref-type="fig"}). Additionally, high mRNA levels of SMAD4, SMAD5, SMAD6, SMAD7, and SMAD9 or low level of SMAD3 were correlated with favorable FP (Fig. [6](#F6){ref-type="fig"}). Increased SMAD5, SMAD7, and SMAD9 mRNA levels were predicted to favorable PPS, whereas SMAD1, SMAD2, SMAD3, SMAD4, and SMAD6 mRNA levels were not related to PPS for NSCLC patients (Fig. [7](#F7){ref-type="fig"}).

![Correlation of SMAD mRNA expression with OS in NSCLC patients (Kaplan-Meier plotter). OS curves of (A) SMAD1 (Affymetrix IDs: 208693_s\_at). (B)SMAD2 (Affymetrix IDs: 226563_at). (C)SMAD3 (Affymetrix IDs: 218284_at). (D)SMAD4 (Affymetrix IDs: 235725_at). (E)SMAD5 (Affymetrix IDs: 225223_at). (F)SMAD6 (Affymetrix IDs: 207069_s\_at). (G)SMAD7 (Affymetrix IDs: 204790_at). (H)SMAD9 (Affymetrix IDs: 227719_at). The OS survival curve comparing the patient with high (red) and low (black) SMAD family members' expression in non--small cell lung cancer were plotted from Kaplan--Meier plotter database as the threshold of *P* value \<.05, respectively.](medi-99-e19451-g005){#F5}

![Correlation of SMAD mRNA expression with FP in NSCLC patients (Kaplan-Meier plotter). FP curves of (A) SMAD1 (Affymetrix IDs: 208693_s\_at). (B)SMAD2 (Affymetrix IDs: 226563_at). (C)SMAD3 (Affymetrix IDs: 218284_at). (D)SMAD4 (Affymetrix IDs: 235725_at). (E)SMAD5 (Affymetrix IDs: 225223_at). (F)SMAD6 (Affymetrix IDs: 207069_s\_at). (G)SMAD7 (Affymetrix IDs: 204790_at). (H)SMAD9 (Affymetrix IDs: 227719_at). The FP survival curve comparing the patient with high (red) and low (black) SMAD family members' expression in NSCLC were plotted from Kaplan-Meier plotter database as the threshold of *P* value \<.05, respectively.](medi-99-e19451-g006){#F6}

![Correlation of SMAD mRNA expression with PPS in NSCLC patients (Kaplan-Meier plotter). PPS curves of (A) SMAD1 (Affymetrix IDs: 208693_s\_at). (B)SMAD2 (Affymetrix IDs: 226563_at). (C)SMAD3 (Affymetrix IDs: 218284_at). (D)SMAD4 (Affymetrix IDs: 235725_at). (E)SMAD5 (Affymetrix IDs: 225223_at). (F)SMAD6 (Affymetrix IDs: 207069_s\_at). (G)SMAD7 (Affymetrix IDs: 204790_at). (H)SMAD9 (Affymetrix IDs: 227719_at). The PPS survival curve comparing the patient with high (red) and low (black) SMAD family members' expression in NSCLC were plotted from Kaplan-Meier plotter database as the threshold of *P* value \<.05, respectively.](medi-99-e19451-g007){#F7}

The prognostic value of *SMAD* family members were analyzed in different subtypes of NSCLC, including LUAD and LUSC. As shown in Table [1](#T1){ref-type="table"}, increased SMAD2, SMAD4, SMAD5, SMAD6, SMAD7, and SMAD9 mRNA levels were correlated to longer OS in LUAD patients, and the rest of the SMAD mRNA levels were not correlated with OS in LUAD. For LUSC patients, the correlation between SMAD mRNA expression and OS was not found.

###### 

Correlation of SMAD mRNA expression with histology of NSCLC patients.

![](medi-99-e19451-g008)

3.3. Prognostic value of SMAD family members in NSCLC patients with different clinicopathological features
----------------------------------------------------------------------------------------------------------

To assess for correlations between SMAD expression and other clinicopathological features, we examined the clinical stages, chemotherapy treatments, and smoking status of patients with NSCLC. As shown in Table [2](#T2){ref-type="table"}, elevated SMAD2, SMAD5 and SMAD7 mRNA levels were associated with favorable OS in stages I and II NSCLC. High mRNA levels of SMAD4, SMAD6, and SMAD9 were linked to better OS in stage I NSCLC. As shown in Table [3](#T3){ref-type="table"}, the mRNA levels of all SMAD members were not associated with favorable OS in NSCLC patients with or without chemotherapy. Low mRNA level of SMAD3 and high mRNA levels of SMAD5, SMAD6, SMAD7, and SMAD9 were linked to better OS in both smoked and never smoked patients. In addition, high mRNA level of SMAD4 was only correlated with favorable OS in smoked patients (Table [4](#T4){ref-type="table"}).

###### 

Correlation of SMAD mRNA expression with clinical grades of NSCLC patients.

![](medi-99-e19451-g009)

###### 

Correlation of SMAD mRNA expression with chemotherapy of NSCLC patient.

![](medi-99-e19451-g010)

###### 

Correlation of SMAD mRNA expression with smoking status of NSCLC patients.

![](medi-99-e19451-g011)

3.4. Genetic alterations of SMAD family members in NSCLC
--------------------------------------------------------

We evaluated the genetic alterations of *SMAD* members in NSCLC patients using cBioPortal. Thirteen datasets of NSCLC were analyzed. Among the datasets analyzed, the frequency of gene alterations, including mutations, fusions, amplifications, deep deletions, and multiple alterations ranged from 1.84% (3/163) to 13.6% (77/566), with mutations, amplifications, and deep deletions being the most commonly observed alterations (Fig. [8](#F8){ref-type="fig"}A). The percentages of genetic alteration in *SMAD* members for NSCLC varied from 0.4% to 4.0% for individual gene (*SMAD1*, 1.0%; *SMAD2*, 2.3%; *SMAD3*, 1.0%; *SMAD4*, 4.0%; *SMAD5*, 0.7%; *SMAD6*, 0.5%; *SMAD7*, 1.4%; *SMAD9*, 0.9%) (Fig. [8](#F8){ref-type="fig"}B). We analyzed the prognostic roles of SMADs in patients with NSCLC with or without alterations, and did not observe any significant correlation between the presence of alterations and OS and disease-free survival (DFS) (*P* = .830 and *P* = .179, respectively; Fig. [8](#F8){ref-type="fig"}C, D).

![Alteration frequency of SMAD family members and network in NSCLC (cBioPortal and GeneMANIA). (A) Summary of alteration in SMAD family members. (B) OncoPrint visual summary of alteration on a query of SMAD family members. (C) Kaplan-Meier plots comparing OS in cases with/without SMAD family members gene alterations. (D) Kaplan-Meier plots comparing disease-free survival (DFS) in cases with/without SMAD family member alterations. (E) Genegene interaction network among SMAD family members.](medi-99-e19451-g012){#F8}

We then analyzed a network for SMAD members with their functionally related genes. The results exhibited that 20 genes-DHPS, NFIB, NFIA, NFIX, NFIC, PNKP, PELI1, TBX20, TIFAB, FHAD1, PPP1R8, TIFA, SLMAP, CEP170B, MCRS1, SNIP1, ZFYVE16, STRAP, CEP170, IRF6, and IRF5 were closely associated with SMAD family members. Additionally, all of SMAD family members share protein domains, and SMAD1 and SMAD7, and SMAD2 and SMAD4 coexpressed, and colocalize within the cell (Fig. [8](#F8){ref-type="fig"}E).

3.5. Functional enrichment analysis of SMAD family members in NSCLC
-------------------------------------------------------------------

*SMAD* functions were analyzed in DAVID, and 50 GO terms were enriched. The enrichment items were classified into 3 functional groups: biological process (BP) group (36 items), cellular component (CC) group (7 items) and molecular function (MF) group (7 items). The top 5 GO terms of DEGs are shown in Table [5](#T5){ref-type="table"}. As to BP, *SMAD* enriched in transforming growth factor beta receptor signaling pathway, ureteric bud development, transcription factor complex, SMAD protein signal transduction and SMAD protein complex assembly. For CC, these genes enriched in nucleus endoderm development, midbrain development, developmental growth and mesoderm formation. In addition, the most enriched GO terms in MF were protein phosphorylation, RNA polymerase II core promoter sequence-specific DNA binding, positive regulation of osteoblast differentiation, palate development and response to hypoxia. KEGG pathways were enriched in TGF-beta signaling pathway, signaling pathways regulating pluripotency of stem cells, hippo signaling pathway, colorectal cancer, pancreatic cancer, adherents' junction, cell cycle, foxO signaling pathway, HTLV-I infection, pathways in cancer, Inflammatory bowel disease (IBD) and Chagas disease (Fig. [9](#F9){ref-type="fig"}).

###### 

The GO function enrichment analysis of SMAD family members in NSCLC (DAVID).

![](medi-99-e19451-g013)

![The KEGG pathway enrichment analysis of SMAD family members and neighbor genes in non--small cell lung cancer (DAVID).](medi-99-e19451-g014){#F9}

4. Discussion
=============

The activation of *TGF-β/SMAD* pathway has been extensively studied in various carcinomas. However, the differential mRNA expression of *SMAD* family members in NSCLC patients has largely not been explored. In the present study, we comprehensively explored the expression profiles, prognostic roles (OS, FP, and PPS), genetic alteration, and potential functions of *SMAD* family members using a bioinformatics approach.

*SMAD1/5/9* mediate the signals of the bone morphogenetic proteins (BMPs), which are multifunctional growth factors belonging to TGF-β superfamily and involved in cell growth, apoptosis, morphogenesis, development and immune responses.^\[[@R19],[@R20]\]^ In response to BMP ligands, *SMAD1/5/9* can be phosphorylated and activated by the BMP receptor kinase. The phosphorylated form of these proteins can complex with *SMAD4*, which is important for their functions in the transcription regulation.^\[[@R21]\]^ Previous study showed that the activation of *SMAD1/5/9* may promoted tumor cell growth, such as glioma.^\[[@R22]\]^*SMAD1* is often been considered as an oncogene involving in promotion of cancer cell growth and invasion.^\[[@R23]\]^ Gao et al reported that the protein expression of *SMAD1* in the LUAD tissues was significantly lower than in normal tissues and it was correlated with lung cancer differentiation and lymphatic metastasis.^\[[@R24]\]^ Interestingly, the tumor suppressive properties of *SMAD5* has also been observed in esophageal cancer.^\[[@R25]\]^ Middlebrook et al also reported that ovarian conditional knockout of *SMAD1/5* mice developed a disease profile resembling the juvenile form of human granulosa cell tumor.^\[[@R26]\]^ Among the three R-*SMAD* members, the role of *SMAD9* in cancer is ill appreciated. Based on the limited previous studies, the critical roles of *SMAD1/5/9* in NSCLC remain largely undefined. Our results demonstrated that the transcription level of *SMAD9* in different pathological types of NSCLC was decreased than those in normal tissues, and *SMAD9* mRNA level was increased in the advanced clinical stage. We also found that high expressions of *SMAD5/9* were associated with favorable OS, FP and PPS in NSCLC patients. These results may be explained by the fact that *SMAD1/5/9* play its biological activities may not all depend on its phosphorylation status. Thus, further studies are needed to estimate the association between R-*SMAD* expression and clinical parameters in NSCLC, and to reveal the exact mechanisms.

*SMAD2/3* are the rest of R-*SMAD* which serve as substrates for TGF-β, and regulate multiple cellular processes, such as cell proliferation, apoptosis, and differentiation.^\[[@R27]\]^ In response to TGF-β signal, *SMAD2/3* are phosphorylated by the TGF-β receptors. Following that, phosphorylated *SMAD2/3* bind to *SMAD4* and translocate to the nucleus where they regulate expression of target genes in a cell type-dependent manner via recruitment of transcriptional coactivator or corepressor.^\[[@R28]\]^ Previous studies showed that the activation of *SMAD2/3* could induce cell growth and metastasis in lung cancer.^\[[@R29]\]^ Toyokawa et al reported that high expression of p-*SMAD2* predicted poor prognosis in patients with clinical stage I to IIIA NSCLC.^\[[@R30]\]^ Additionally, the high expression of *SMAD3* was associated with unfavorable survival in acute myeloid leukemia patients.^\[[@R31]\]^ In consistent with aforementioned studies, we found that high mRNA level of SMAD3 was also associated with poor FP in NSCLC. Unexpectedly, high SMAD2 expression was correlation to better OS in NSCLC, especially in LUAD patients and in clinical grades I or II NSCLC patients. Consequently, the distinct prognostic values of *SMAD2* and *SMAD3* in NSCLC patients cannot be well explained so far.

As the only member of Co-*SMAD*, *SMAD4* is usually regard as a tumor suppressor gene. It is a common mediator of TGF-β signaling and is involved in TGF-β induced growth inhibition.^\[[@R32]\]^ The activation of *SMAD4* could lead to apoptosis or growth arrest in the G1 phase of the cell cycle, and thus involves with tumor formation.^\[[@R33]\]^

The expression of SMAD4 was negatively correlated with lymphatic metastasis in patients with colon cancer, and its decreased expression was observed in older patients and in those with advanced stages.^\[[@R34]\]^ However, *SMAD4* has dual role of tumor-suppressive and tumor-promoting effects on pancreatic cancer.^\[[@R35]\]^ Our results exhibited that increased expression of SMAD4 was linked to better OS in NSCLC patients, especially in LUAD patients and in early stage NSCLC. These results suggested that the underlying molecular mechanisms of *SMAD4* are different in various cancers.

The I-*SMAD* (*SMAD6/7*) inhibit the activation of R-*SMAD* by phosphorylation and/or interfering with its nuclear translocation.^\[[@R36]--[@R38]\]^*SMAD6/7* have been shown to play a vital role in tumorigenesis, and the distinct expression affect the progression of early lesions and are correlated to poor survival in some certain malignancies.^\[[@R39]\]^ In addition, the expressions of *SMAD6/7* were frequently positive in early lesions at the tumor edge, and were inversely correlated to the depth of invasion.^\[[@R40]\]^ In this study, the transcription levels of *SMAD6/7* in 2 subtypes of NSCLC were remarkably lower than those in normal tissues. High SMAD6/7 mRNA levels were association with better FP, PPS, and OS, especially in LUAD and early stage tumor.

Genetic alterations of *SMAD* family members may be associated with pathogenesis and progression of carcinogenesis.^\[[@R41]\]^ We found relatively consistent low levels of alterations in each SMAD in NSCLC, but these alterations had no effect on OS or DFS, suggesting that these changes may not directly impact NSCLC prognosis. To further investigate the MF of the *SMAD* family members, we performed a network analysis for each *SMAD*. The results showed that these genes are mainly enriched in tumor related pathways, such as the TGF-β signaling pathway, Hippo signaling pathway, and FoxO signaling pathway. Our research strengthens the understanding of biological function of SMAD family members in NSCLC.

In summary, the mRNA levels of SMAD6/7/9 in NSCLC were significantly down-regulated in NSCLC, and aberrant SMAD2/3/4/5/6/7/9 mRNA levels were all correlated with the prognosis of NSCLC. These results demonstrate that *SMAD2/3/4/5/6/7/9* may be prognostic biomarkers and potential targets for NSCLC. Our current study was performed by bioinformatics analysis and the results remain to be confirmed with the corresponding experiments.
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The Oncomine (<https://www.oncomine.org/>) was used to perform gene expression profiling analysis. The HPA database (<https://www.proteinatlas.org/>) was used to perform protein expression analysis. The GEPIA database ([http://gepia.cancer-pku.cn](http://gepia.cancer-pku.cn/)) was used to perform gene expression profiling analysis. The Kaplan-Meier Plotter (www.kmplot.com) was used to perform prognostic analysis. The cBioPortal for Cancer Genomics ([http://www.cbioportal.org](http://www.cbioportal.org/)) was used to perform analysis of gene alteration frequency. GeneMANIA ([http://www.genemania.org](http://www.genemania.org/)) was used for correlation analysis. The DAVID database (<http://david.ncifcrf.gov/>) was used to perform functional annotation and pathway enrichment analysis.
